Neurons and glia differentiate from multipotent precursors called neural stem cells (NSCs), upon the activation of specific transcription factors. In vitro, it has been shown that NSCs display very plastic features; however, one of the major challenges is to understand the bases of lineage restriction and NSC plasticity in vivo, at the cellular level. We show here that overexpression of the Gcm transcription factor, which controls the glial versus neuronal fate choice, fully and efficiently converts Drosophila NSCs towards the glial fate via an intermediate state. Gcm acts in a dose-dependent and autonomous manner by concomitantly repressing the endogenous program and inducing the glial program in the NSC. Most NSCs divide several times to build the embryonic nervous system and eventually enter quiescence: strikingly, the gliogenic potential of Gcm decreases with time and quiescent NSCs are resistant to fate conversion. Together with the fact that Gcm is able to convert mutant NSCs that cannot divide, this indicates that plasticity depends on temporal cues rather than on the mitotic potential. Finally, NSC plasticity involves specific chromatin modifications. The endogenous glial cells, as well as those induced by Gcm overexpression display low levels of histone 3 lysine 9 acetylation (H3K9ac) and Drosophila CREB-binding protein (dCBP) Histone Acetyl-Transferase (HAT). Moreover, we show that dCBP targets the H3K9 residue and that high levels of dCBP HAT disrupt gliogenesis. Thus, glial differentiation needs low levels of histone acetylation, a feature shared by vertebrate glia, calling for an epigenetic pathway conserved in evolution.
INTRODUCTION
Glia and neurons, the major cell types of the nervous system, share a common precursor population, the NSCs (Bossing et al., 1996; Delaunay et al., 2008; Doe et al., 1998; Rivers et al., 2008; Schmidt et al., 1997) . The multipotency of NSCs and their ability to be redirected towards different fates make these cells a promising tool in regenerative medicine; however, the plastic features of this initially homogeneous population needs to be fully understood. In addition, NSC behavior may rely on the experimental asset: while in vitro NSCs self-renew and may produce multiple fates indefinitely, in vivo, they give rise to specific progenies at distinct developmental stages (Gaspard and Vanderhaeghen, 2011) . It therefore becomes important to characterize NSC plasticity at cellular and molecular level in vivo. In particular, can NSCs be completely and stably redirected and, if so, is this a constitutive feature? In addition, as histone modifications characterize and control specific transcriptional and differentiative states (Gibney and Nolan, 2010) , what is the impact of fate conversion onto the cellular chromatin state?
Transcription factors play an important role in cell fate induction and, more generally, in plasticity (Graf and Enver, 2009) ; however, the glial versus neuronal decision in the vertebrate central nervous system (CNS) (Rowitch and Kriegstein, 2010) involves a rather complex gene network, which makes it difficult to assess the role and mode of action of such determinants in vivo (Allen, 2008) . The simple Drosophila CNS makes it possible to tackle this issue in identified lineages. Moreover, a single transcription factor drives glial differentiation in Drosophila embryos: Glial cells missing (Gcm) [also called Glial cell deficient (Glide); referred to as Gcm hereafter] (for a review, see Soustelle and Giangrande, 2007) . Gcm is transiently expressed in the lineages that produce glia and acts in the choice between glial and neuronal fates: its loss induces almost complete lack of glia, whereas its overexpression efficiently induces ectopic expression of the reverse polarity (repo) pan-glial gene (Bernardoni et al., 1998; Hosoya et al., 1995; Jones et al., 1995; Vincent et al., 1996) and other glial transcripts (Altenhein et al., 2006; Egger et al., 2002; Freeman et al., 2003) . The potent gliogenic activity of Gcm therefore provides an ideal asset with which to study lineage restriction and NSC plasticity in vivo.
We here show that Drosophila NSCs are stably and completely converted towards the glial fate upon overexpressing Gcm threshold levels. NSCs progressively lose plasticity and can no longer be converted at late embryonic stages, as they enter quiescence. Moreover, NSCs can be converted even in the absence of cell division whereas neurons cannot, showing that plasticity relies on temporal cues rather than on the mitotic potential. Finally, the Gcm pathway triggers low levels of H3K9ac and dCBP, a HAT that triggers H3K9 acetylation. This mark is key for glial development as, increasing H3K9ac levels by specifically overexpressing dCBP in glia, downregulates the expression of glial genes. Thus, a widely expressed HAT is crucial for a cell-specific transcriptional program. Finally, low levels of histone acetylation are conserved in vertebrate glia (Hsieh et al., 2004; Shen et al., 2005) , indicating that glial cells need this specific chromatin mark.
MATERIALS AND METHODS

Flies
Flies were raised at 25°C unless otherwise specified. w 1118 was the wild type. Transgenic lines were: UAS-gcm (one dose: F18A: 1XGcm; two doses: M24A: 2XGcm) (Bernardoni et al., 1998) ; lbe(K)-Gal4, UAS-GFP (Baumgardt et al., 2009) ; mzVum-Gal4 (Landgraf et al., 2003) ; apterousGal4, UAS-mRFP (Baumgardt et al., 2007) ; gcm 34 /CyO,twi-LacZ (Vincent et al., 1996) ; UAS-dCBP and UAS-dCBP-FLAD (Kumar et al., 2004) ; repoGal4/TM3 (Sepp et al., 2001) ; repo 3692 /TM3ubx-lacZ (Halter et al., 1995) ; repo-Gal4 (Lee and Jones, 2005) ; and UAS-mCD8GFP, elavGal4, 4 /TM3 (Bloomington Drosophila Stock Center).
Immunohistochemistry and in situ hybridization
Immunolabeling and in situ hybridization on embryos were as described previously (Bernardoni et al., 1998) . Primary antibodies were: mouse(m)--Repo (1:50), m--Engrailed (1:500) and rat(rt)--Elav (1:200) from DSHB; chicken--GFP (1:1000), rabbit(rb)--RFP (1:500), rb--Caspase3 (1:500), m--H3K9ac (1:500), rb--H3K4me3 (1:500) from Abcam; rb--GFP (1:500) (Molecular Probes); rb--Phospho histone H3 (Ser10) (1:500, Cell Signaling); rb---gal (1:500, Cappel); rb--Eagle [1:500 (Dittrich et al., 1997) ]; rb--SP2637 and guinea-pig(gp)--Nazgul [1:500 (von Hilchen et al., 2010) ]; rt--Repo [1:1000 (Sen et al., 2005) ]; rb--Miranda [1:500 (Mollinari et al., 2002) ]; gp--Deadpan (1:1000, J. Skeath, University of Washington, St Louis, MO); gp--dCBP [1:1000 (Lilja et al., 2003) ]; rb--dTAF-4 [1:100 (Kokubo et al., 1994) ]; m--Pol II [1:100 (Puvion-Dutilleul et al., 1997)]; rb--dGCN5 [1:500 (Lebedeva et al., 2005) ]. Secondary antibodies were FITC-, Cy3-, Cy5-conjugated (1:400, Jackson). For in situ hybridization probes were DIG-pain [1:100 (Altenhein et al., 2006) ] and DIG-gcm [1:100 (Bernardoni et al., 1997) ]. Larval CNS proteins were immunolabeled as described previously (Ceron et al., 2001 ).
Imaging and cell counting
Images were taken with SP2 and SP5 Leica confocal microscopes. Image processing used Adobe Photoshop CS3. Cells were counted manually using ImageJ. For cell counting, means and standard errors were calculated and analyzed using Student's t-test.
Quantifications
For H3K9ac, H3K4me3 and dCBP relative levels, neurons and glia from the same embryonic VC were subjected to quantification using ImageJ. In brief, masks were generated as a region of interest for each nucleus along the z-stack, area (m 2 ) and fluorescence intensities (pixel number) were measured and summed for all sections. The density of each nucleus was calculated by dividing the mean intensities over the nucleus volume (pixels/m 3 ). For each embryo, values for all cell types were assigned by taking the highest value as reference and distributed in ten intervals from 1 to 10. The percentage of cells distributed in the different intervals was determined for each cell type for each embryo. This approach provided the best internal control. For quantifications, means and standard errors were calculated and samples were subjected to two-sample KolmogorovSmirnov test, which is sensitive to differences between cumulative distribution functions of two compared samples.
Northern and western blot analysis
elav-Gal4;UAS-mCD8GFP and repo-Gal4;UAS-mCD8GFP 17 stage embryos were used to purify neuronal and glial cell populations, respectively. Embryos were collected in Schneider's medium +3 mM EDTA and dissociated (Wheaton Dounce homogenizer). Single cell suspensions were obtained upon filtering through 70 mm and 40 mm nets (BD Biosciences) and centrifugation (100 g, 5 minutes, 4°C). Cells were washed and collected in Schneider's medium (Gibco BRL), supplemented with 10% FCS (SDMS). GFP+ cells (neurons or glia) were separated with FACSDiVa flow cytometer (Becton Dickinson) (see Fig. S4A in the supplementary material).
For northern blot analyses, RNA was prepared from equal number of neurons and glia using TRIzol Reagent (Invitrogen) following manufacturer's instructions. mRNA levels were determined by northern blot with oligodT probe and using 5S-rRNA as internal control.
For western blot analyses, histone extracts from sorted neurons and glia were obtained as described in Abcam histone extraction protocol. Histone extracts (20 g) were separated by 15% SDS-PAGE, transferred onto nitrocellulose membrane and probed with the primary antibodies diluted in 1ϫ PBS, 5% bovine serum albumin: m--H3K9ac (1:2000), rb--H3K4me3 (1:10,000) from Abcam. m--H2B (1:10,000, IGBMC) was used for normalization. Signal was detected with Pierce ECL western blotting substrate (Thermo Fisher Scientific, Waltham, MA) using appropriate HRP-conjugated secondary antibodies (1:10,000, Jackson).
Reverse transcription and qRT-PCR
Total RNA was purified from repo-Gal4;UAS-mCD8GFP and repoGal4;UAS-mCD8GFP;UAS-dCBP embryos by TriReagent (MRC), reverse transcribed by SuperScriptII reverse transcriptase (Invitrogen) using a mix of random hexamers (6 M) and oligodT primers (5 M), and analyzed by quantitative PCR (qPCR) machine Roche LightCycler480 with Syber Green (Roche) Master mix. For each gene, expression levels were automatically calculated (LightCycler480 Software, release 1.5.0) by calibration to gene-specific standard curves generated on input cDNAs. Collected values, normalized to Actin5C amount, derive from three amplification reactions, each performed on three independent experiments. Primers are described in Table S1 in the supplementary material.
RESULTS
Gcm completely converts fly NSCs towards the glial fate
Previous studies showed that Gcm overexpression in the neuroepithelium prior to NSC birth induces the expression of glial markers through unknown mechanisms (Hosoya et al., 1995; Miller et al., 1998 ) (see the territory of expression as revealed by GFP labeling in Fig. S1A in the supplementary material) . To understand the bases of lineage restriction and NSC plasticity, we specifically overexpressed Gcm with Gal4 drivers active in most (voila-Gal4) (Grosjean et al., 2001) (Fig. 1D , see Fig. S1D in the supplementary material) or in subsets of NSCs (embryonic lethal abnormal visionGal4 or elav-Gal4) (Berger et al., 2007 ) (see Fig. S1B ,C in the supplementary material). The Repo pan-glial marker is massively induced at ectopic positions, at the expense of the neuronal markers (see Fig. S2E ,F in the supplementary material; data not shown), a phenotype that is stronger with the pan-neuroblast voila-Gal4 driver than with elav-Gal4 (Campbell et al., 1994) (Fig. 1A-C) . Most Drosophila CNS glia arise from neuroglioblasts (NGBs) and few from glioblasts (GBs); however, the vast majority of embryonic NSCs only produces neurons [neuroblasts (NBs)] (Bossing et al., 1996; Schmidt et al., 1997) . This strongly suggests that the massive number of ectopic glia also arise from precursors that only produce neurons. To verify this hypothesis, we overexpressed Gcm and used two lineage-specific markers, Eagle (Eg) and Engrailed (En), to identify unequivocally pure NBs (Doe, 1992) . The so-called Thoracic 2-4 and 3-3 lineages, which are Eg(+),En(-) (Higashijima et al., 1996) , clearly show Repo labeling, demonstrating that NBs overexpressing Gcm can produce glia at the expense of neurons (Fig. 1J-O) .
We then asked how does Gcm induce glia and found that NSCs overexpressing Gcm lose their stemness, revealed by downregulation of the mitotic marker (PH3) (Fig. 1E ) and of the NB markers Miranda (Mira) (Shen et al., 1997) (Fig. 1H,I ) and Deadpan (Dpn) (Bier et al., 1992 ) (data not shown). As overexpression of Gcm begins, few cells express the glial marker ectopically and NBs are still present; however, most of them express both NB and glial markers. Later on, many more cells express the glial marker ectopically and only few cells express the NB marker, most of them also expressing the glial marker ( Fig. 1F-I ). The progressive increase of ectopic glial cells at the expense of NBs strongly suggests that the NBs initially express their program, Development 138 (19) then co-express the glial and the NB ones and finally only express the glial program. NSC conversion is dose-dependent and cell autonomous: it increases when two UAS-gcm reporters are used (see Fig. S2A ,B in the supplementary material) and is confined to the cells overexpressing Gcm (see Fig. S2I ,J in the supplementary material). Finally, the induction of late glial genes [Nazgul, SP2637 (von Hilchen et al., 2010 , pain (Altenhein et al., 2006) , Draper, -Moody (Freeman et al., 2003) ] (see Fig. S2C ,D,G,H,K,L in the supplementary material and data not shown) confirms that stable and complete transformation has occurred. Thus, NSCs are fully converted into glia by the Gcm transcription factor.
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Gcm cannot convert neurons into glia
Recent data indicate that somatic cells as fibroblast can transdifferentiate into neurons (Vierbuchen et al., 2010) and that one subtype of neurons can transdifferentiate into another (Wright et al., 2010) . As the used neuroblast drivers continue to be expressed at late embryonic stages in post-mitotic cells (see Fig.  S1E -G in the supplementary material) (Berger et al., 2007) , we asked whether the observed phenotype may also arise from neurons, due to transdifferentiation and/or to reversion towards a more immature state.
To address this issue directly, we used Gal4 drivers that are expressed in post-mitotic cells but not in their precursors: apterousGal4 (ap-Gal4) and mzVUM-Gal4 are specific to two motoneuron subsets (Baumgardt et al., 2007; Landgraf et al., 2003) . These drivers are clearly able to induce Gcm overexpression upon crossing with UAS-gcm flies ( Fig. 2E-H) ; however, they never induce ectopic Repo labeling ( Fig. 2A-D) , regardless of Gcm dose ( Fig. 2E-H ). Because these drivers are expressed at relatively late embryonic stages, we wondered whether the glial Repo marker might be induced in the larva. Even at that stage, however, no fate conversion was observed (Fig. 2I,J) . Interestingly, neurons overexpressing Gcm enter the apoptotic pathway via Caspase 3 activation (Cohen, 1997) (Fig. 2K,L) . In summary, neurons cannot be reprogrammed by Gcm.
NSC plasticity decreases during development
We then asked whether NSCs remain plastic throughout their life. The lbe(K)-Gal4 line (Baumgardt et al., 2009 ) is expressed in an identified lineage, the so-called 5-6. In the thorax, the (5-6T) NSC is born by stage 9 and divides until stage 15. The TARGET system, based on a ubiquitously expressed thermosensitive Gal80 allele (tub-Gal80ts), makes it possible to repress the Gal4 activity at specific stages (McGuire et al., 2003) . Gal80ts,lbe(K)-Gal4>UAS-gcm synchronized embryos were raised at the permissive temperature (18°C), shifted to the restrictive temperature (29°C) to induce Gcm expression at different stages (2 hours, 4 hours, 6 hours after egg collection) and let differentiate at that temperature ( Fig. 3A-D) . Under each condition, we waited for at least 9 hours, in order to allow sufficient time for Gcm activation [Gal80-induced repression is known to rapidly fade away after the shift (McGuire et al., 2003) ]. Control animals not expressing Gcm were submitted 4169 RESEARCH ARTICLE Neural stem cells convert to glia to the same regimens for comparison. These results were also compared with those obtained upon constitutive Gcm expression in that lineage (Fig. 3B-D) . Clearly, glial induction is most successful when the NSC is challenged with Gcm throughout development. Among the different shifts, the earliest one (2 hours) is more successful than a late one (4 hours) and in the latest shift (6 hours), no ectopic glia can be induced. Thus, the 5-6T NSC becomes less plastic with time.
This particular NSC is eliminated through programmed cell death at stage 15 (Karlsson et al., 2010) , whereas others enter the quiescent state and resume proliferation during the larval stages, to build the adult nervous system (Sousa-Nunes et al., 2011) . This cellular state is conserved throughout evolution, as quiescent NSCs are typical of the adult mammalian brain (Morshead et al., 1994) . We asked whether plasticity decreases with time in all NSCs and induced pulses of Gcm expression at different stages using the heat shock (hs) promoter. We submitted hs-Gal4>UAS-gcm synchronized embryos to a 1-hour heat shock at the time NBs first arise and found that most if not all embryonic territories massively produce ectopic glia (see Fig. S3C in the supplementary material). Starting from a 6-7 hours after egg laying (AEL) heat shock, the strong gliogenic potential of Gcm is limited to the neurogenic region (Fig. 3E,F) , where a single pulse of Gcm expression is sufficient to induce a stable and complete glial fate (see Fig. S3A ,B in the supplementary material). Upon a shock at 8-9 hours AEL, the number of ectopic glia decreases considerably (Fig. 3G) , even though in wild-type animals NSCs are still present and actively proliferating at this stage (Fig. 3I,J) . Finally, upon a later shock (10-11 hours AEL, which corresponds to embryonic stage 14), almost no cells express ectopic Repo (Fig. 3H) , even though Gcm expression is induced (see Fig. S3D in the supplementary material). The rare ectopic Repo(+) cells are also labeled by the Dpn and Mira NB markers, therefore expressing an intermediate fate (Fig.  3K ). By these late stages, the number of NBs is still high but that of dividing NBs rapidly decreases (Fig. 3I,J) and that of quiescent NBs, recognized by Mira, Dpn labeling and by morphology [elongated shape and long cytoplasmic extension (Tsuji et al., 2008) ], increases significantly ( Fig. 3M-Q) . Notably, none of the Repo(+),Dpn(+) cells is a quiescent cell (Fig. 3L) . Thus, late NSCs can be poorly redirected towards the glial fate. Altogether, these data show that NSC plasticity becomes restricted with time.
NSC plasticity does not require cell division
During development, most novel fates are implemented upon cell division. We therefore asked whether NSC plasticity depends on cell cycle using a mutation in which NBs are generated but cannot divide. Previous studies have shown that NBs mutant for the String (Stg) protein, a Cdc25 phosphatase that activates a cyclindependent kinase and therefore mitosis (Edgar and O'Farrell, 1990) , are blocked before their first division (Akiyama-Oda et al., 2000; Berger et al., 2010) . Strikingly, Gcm overexpression does induce ectopic Repo labeling in stg mutant NBs (Fig. 4A-D,H) .
We then asked whether the presumptive non-dividing NBs can be fully converted and found that the late glial marker SP2637 is also induced (Fig. 4E) . Moreover, similar to wild-type NSCs challenged with Gcm, the NB fate is downregulated in stg embryos overexpressing Gcm (Fig. 4F,G) . Interestingly, even at these late stages, some non-dividing NBs simultaneously express a glial and a NB marker, a phenotype that is rarely observed in stg animals (Fig. 4F,G, arrowheads) . Moreover, 14% of the cells that express
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Development 138 (19) Repo also express the neuronal marker Elav, a phenotype that is also very rarely observed in stg or wild-type embryos, as well as in wild-type embryos overexpressing Gcm (Fig. 4I and data not shown). Thus, plasticity is not connected to the mitotic potential.
Neurons and glia display different H3K9ac levels
Increasing evidence suggests that transcriptional developmental programs are associated with specific chromatin landmarks (for a review, see Lessard and Crabtree, 2010) and it has been shown that low levels of histone acetylation characterize vertebrate glial cells (Hsieh et al., 2004; Jakob, 2011) . We therefore determined the overall histone acetylation profiles of wild-type neurons and glia. The CNS displays high levels of H3K9ac (Qi et al., 2004) , which is abundant in euchromatin. We labeled fully differentiated neurons and glia with an anti-H3K9ac antibody and found that glia display lower H3K9ac levels compared with neurons ( Fig. 5A-C) . To gain quantitative information, we identified ten levels of H3K9ac intensity (see Materials and methods for detailed description) upon 4171 RESEARCH ARTICLE Neural stem cells convert to glia comparing glial cells and neurons within the same embryo. Clearly, most glial cells display relatively low levels of H3K9ac compared with neurons (Fig. 5E, embryo n6) . Finally, we confirmed this result by western blot on histone extracts from purified neurons and glia (see Fig. S4 in the supplementary material, Fig. 5K ). The purity of such populations was validated by using cell-specific markers (see Fig. S4B ,C in the supplementary material).
Interestingly, the levels of H3K4me3, which specifically marks transcriptionally active genes (Lessard and Crabtree, 2010) , are similar in neurons and glia (embryo n5, P>0,08, Fig. 5I ), as confirmed by western blot (Fig. 5L) . Moreover, H3K9ac partially colocalizes within the cell with H3K4me3 [32.8% colocalization in neurons and 34.4% in glia, n10 (see Fig. S5A -C, Movies 1 and 2 in the supplementary material)], which we confirmed in 3D reconstructions of glial and neuronal nuclei (see Fig. S5A ,B in the supplementary material). These data imply that different acetylation levels do not reflect global differences in transcription activity between neurons and glia, and, to further validate this, we showed that the total mRNA levels are not higher in neurons than in glia (Fig. 5J) . Finally, we quantified H3K9me3 levels, as a mark of repression and heterochromatin (Lessard and Crabtree, 2010) , and found no significant difference between neurons and glia either (embryo n4, see Fig. S5D in the supplementary material) . In summary, neurons and glia have distinct properties in terms of chromatin marks, which are independent from the overall transcriptional state.
The Gcm pathway controls the levels of H3K9ac
We then asked whether fate conversion upon Gcm overexpression results in changes in histone acetylation, i.e. whether ectopic glia show low H3K9ac levels. As we wanted to compare the acetylation state of endogenous and ectopic glia within the same animal, we labeled embryos (elav-Gal4>UAS-GFP;UAS-gcm) with GFP and Repo [endogenous glia: GFP(-),Repo(+), ectopic glia: GFP(+),Repo(+)] (Fig. 5D ) and found that both endogenous and ectopic glia display low H3K9ac levels (embryo n5, Fig. 5F ).
Several pieces of evidence indicate that low H3K9ac specifically characterizes glial identity. First, the dose of Gcm impacts onto the number of cells showing low H3K9ac levels [compare the H3K9ac levels upon overexpressing two (Fig. 5F ) and one (see Fig. S6G in the supplementary material) dose of Gcm], as it impacts onto the number of ectopic glia. Second, post-mitotic Gcm expression, which does not induce reprogramming, does not change H3K9ac levels (even with two Gcm doses) (see Fig. S6A -C in the supplementary material). Third, if alterations in H3K9ac levels were to reflect fate changes, gcm animals, in which presumptive glial cells are converted into neurons, should display opposite changes in the H3K9ac profiles. gcm 34 animals maintain lacZ expression from a P-element inserted at the gcm locus, thereby allowing us to identify the cells that transform into ectopic neurons [lacZ(+),Repo(-),Elav(+)] (Vincent et al., 1996) . These cells indeed display high H3K9ac levels, similar to the endogenous neurons (embryo n5) or from wild-type animals (Fig. 5G) . Finally, we analyzed the H3K9ac levels in animals that lack the Repo protein, which show no glia to neuron conversion, using a null mutant that maintains lacZ expression from a P-element at the repo locus (Campbell et al., 1994; Halter et al., 1995) . In this mutant, the lacZ(+) cells still show low levels of H3K9ac compared with neurons and similar to the wild-type glia (embryo n5) (Fig. 5H) . In summary, the Gcm pathway induces global changes in H3K9ac levels.
Neurons and glia display distinct dCBP levels that are controlled by the Gcm pathway dCBP (Akimaru et al., 1997) constitutes a likely candidate for the above-described histone modification, as its orthologs, CBP/p300 HATs, trigger the acetylation of H3K9 (Wang et al., 2010) . We therefore overexpressed dCBP in glia (repo>dCBP) and demonstrated for the first time in vivo that it induces high levels of H3K9ac (Fig. 6E,F,H,I ,K,L), whereas overexpressing a dCBP mutant form that lacks its HAT activity (dCBP-FLAD) (Kumar et al., 2004) does not (Fig. 6G,J,M) . Accordingly, nej 3 embryos, which do not express zygotic dCBP, show reduced levels of H3K9ac, which are due to the maternal load (see Fig. S7A -D in the supplementary material). These data suggest that the dCBP HAT contributes to the different H3K9ac levels observed in neurons and glia.
If neurons and glia display distinct properties in terms of histone acetylation, the HAT responsible for such marking must either act in a different way or accumulate at different levels in these cell
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Development 138 (19) types. Indeed, most neurons display higher dCBP levels than glia (embryo n4, Fig. 6A ). Moreover, and in line with the above data, ectopic glia induced by Gcm overexpression exhibit dCBP levels similar to those of endogenous glia (n5 , Fig. 6B ); upon ectopic neurogenesis induced by gcm loss, dCBP levels are similar to those of endogenous neurons (embryo n5, Fig. 6C ). Finally, dCBP levels do not change in repo animals (embryo n5) (Fig. 6D) or upon Gcm overexpression in neurons (see Fig. S6D -F in the supplementary material). Thus, like the H3K9ac levels, dCBP levels also change upon the acquisition of specific cell fates. Interestingly, the levels of dGCN5, another major HAT involved in H3K9 acetylation (Carre et al., 2005) are not different between neurons and glia, and dGCN5 overexpression does not affect H3K9ac levels (see Fig. S8A -C,F,G in the supplementary material). Thus, neurons and glia display distinct levels of dCBP, a HAT that affects H3K9ac levels, and this depends on the Gcm pathway.
High dCBP levels affect glial-specific gene expression
The fact that glia display low dCBP and H3K9ac levels and that fate conversion is accompanied by corresponding changes in those levels suggests that low dCBP levels have a physiological relevance in glial differentiation. We therefore determined the consequences of dCBP overexpression in glia and found that this leads to an obvious increase in H3K9ac levels in glial cells and to embryonic lethality. The few larval escapers do not show the 4173 RESEARCH ARTICLE Neural stem cells convert to glia typical contractions generated by neuronal activity, showing that glial cells cannot sustain high dCBP levels. Such a phenotype depends on the HAT activity, as animals overexpressing the dCBP-FLAD transgene survive until adulthood. The number of Repo(+) cells does not change, nor is the caspase pathway activated, indicating that high dCBP levels do not merely affect the number of glia by inducing glial cell death (see Fig. S7E -G in the supplementary material).
We then asked whether high dCBP levels impact onto the expression of glial-specific genes. Clearly, the levels of pain, which is specific to subperineural and nerve root glia (Beckervordersandforth et al., 2008) , of Nazgul, which is specific for longitudinal and cell body glia (von Hilchen et al., 2010) , and of Repo decrease upon wild-type dCBP, but not upon HAT inactive dCBP overexpression (Fig. 7A-I ). The levels of SP2637, a nuclear factor that is specific for surface-associated and nerve root glia (von Hilchen et al., 2010) remain unmodified (Fig. 7J,K) . Thus, the expression of most but not all tested glial genes is downregulated by high dCBP levels. By contrast, three ubiquitously expressed genes: DNA Pol II (Puvion-Dutilleul et al., 1997), dGCN5 (Xu et al., 1998) and the dTAF-4 subunit of the TFIID complex that initiates transcription (Kokubo et al., 1994) , are not affected (Fig. 7M-R) . In order to quantify and extend these findings, we performed quantitative RT-PCR on nine glial-specific transcripts: repo, -moody, which is specific to surface glia (Bainton et al., 2005) , draper, which is specific to lateral glia (Freeman et al., 2003) , pain, nazgul, SP2637 and three glial transcripts identified by microarrays (Altenhein et al., 2006; Egger et al., 2002; Freeman et al., 2003) . As above, dCBP overexpression affects the levels of all transcripts except those of SP2637 (Fig. 7L) . As a negative control, we also analyzed the neuronal elav gene, the levels of which are not changed. These data show that high levels of dCBP HAT induce lethality and affect the glial transcriptional program.
DISCUSSION
Understanding the biology and the potential of stem cells of specific origins is a key issue in basic science and in regenerative medicine. We here show that NSCs can be fully and stably redirected towards the glial fate in vivo, via a transient, intermediate, state, upon the expression of a single transcription factor. NSC plasticity is temporally controlled and quiescent NSCs cannot be converted; however, plasticity is independent of cell division. Finally, the acquisition of the glial fate involves low
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Development 138 (19) histone acetylation, a chromatin modification that is conserved throughout evolution, emphasizing the importance of this mark in glial cells.
NSCs can be fully redirected towards the glial fate in vivo
NSCs produce the different types of neurons and glia that form the nervous system. These precursors can be converted into induced pluripotent cells (Kim et al., 2009 ) and even into monocytes, a differentiated fate of an unrelated somatic lineage (Forsberg et al., 2010) ; however, the in vitro behavior may differ markedly from the in vivo situation. For example, the AchaeteScute Complex homolog-like 1 transcription factor promotes the expression of oligodendrocyte features upon retroviral injection in the dentate gyrus, but promotes neuronal differentiation from the same progenitors in vitro (Jessberger et al., 2008) . The use of NB-specific drivers, markers and conditional overexpression protocols, allows us to demonstrate that a single transcription factor can fully convert NSCs into glia in a dose-dependent manner. High Gcm levels probably enable this transcription factor to counteract the endogenous transcriptional program and/or to compensate for the absence of cell-specific co-factors. Quantitative regulation is also required in physiological conditions; for example, the nuclear protein Huckebein enhances the gliogenic potential of Gcm upon triggering its positive autoregulation in a specific lineage (De Iaco et al., 2006) . The present study therefore shows for the first time that NSCs can be completely and efficiently redirected in vivo towards a specific fate, also highlighting the importance of quantitative regulation in fate choices.
Temporal control of NSC plasticity
It is widely accepted that NSCs are multipotent precursors; however, their plastic features have not been investigated throughout their life at the cellular level. For example, the existence of a tri-potent NSC with the capacity to generate neurons, astrocytes and oligodendrocytes in the adult brain remains to be demonstrated in vivo (Williams et al., 1991) . Our study demonstrates that NSCs are more plastic at early embryonic stages than at the end of embryogenesis. Furthermore, the intrinsically defined program of quiescence is not compatible with fate conversion, even though quiescent cells are subsequently reactivated. As Drosophila glia are generated at different stages (Halter et al., 1995) (S. Sorrentino and A.G., unpublished) , it is unlikely that a general glial repressor arises late in development and specifically restricts the potential of Gcm. Our data rather imply that temporal cues progressively limit NSC plasticity, a feature that may have important consequences in therapeutic applications.
It will be of great interest to determine whether such irreversible temporal restriction relies on external cues or whether it reflects an internal clock, as it has been shown for the acquisition of temporal identity, the process by which specific progenies are produced at different developmental stages (Doe, 1992) .
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Neural stem cells convert to glia Finally, our data show that Gcm does not reprogram neurons. Thus, although other somatic (Vierbuchen et al., 2010) and even germ line (Tursun et al., 2011) cells can be reprogrammed into neurons, these post-mitotic cells seem endowed with an efficient brake to fate conversion. Interestingly, dorsal root ganglia neurons can transdifferentiate from one subtype into another in zebrafish, suggesting that, under some conditions, neurons can adopt a different, but closely related, phenotype (Wright et al., 2010) . In addition, we cannot formally exclude that a low percentage of immature neurons adopt a glial or a multipotent phenotype upon Gcm overexpression. Nevertheless, our data indicate that neurons are intrinsically different from other cell types, which may reflect a specific chromatin organization and/or expression of an efficient tumor suppressor molecular network (for a review, see Jopling et al., 2011) . Transcriptome analyses will help characterizing the molecular signature responsible for the neuronal behavior.
Plasticity and intermediate states
Dedifferentiation and transdifferentiation of somatic cells can occur in the absence of mitosis (Richard et al., 2011) , whereas NSCs plasticity has generally been associated to cell division, as a means to erase transcriptional programs and implement new ones. We here show that, like terminally differentiated cells, NSCs can be efficiently redirected in the absence of cell division. The concomitant extinction of the endogenous program and activation of the glial program indicate that conversion occurs via an intermediate state, as has been described in B cell to macrophage experimental transdifferentiation (Xie et al., 2004) . The acquisition of an intermediate state (partial reprogramming) has also been proposed for somatic cell reprogramming (Hanna et al., 2009) . Our findings raise a more general question as to whether intermediate states are common and unstable features of many plastic process including development. These states may reveal competing molecular pathways that in physiological conditions are alternatively consolidated or switched off in response to cellspecific signals. The development of tools enabling tracing these dynamic states will improve our understanding of cell plasticity under physiological and experimental conditions. Interestingly, altered tumor suppressor gene expression, which alters the proliferation pathway, leads to ambiguous cell identities, which may reflect the stabilization of intermediate fates (Ma et al., 2007) . Similarly, Drosophila metastatic cells from brain tumors (Beaucher et al., 2007) and several non-dividing NSC cells challenged with Gcm co-express the neuronal and the glial programs. We propose that the appropriate activation of the mitotic pathway is necessary for efficient consolidation/extinction of specific fates.
Low H3K9ac and dCBP levels characterize glial cells
The interplay of extrinsic signals, transcription factors and chromatin modifications shape the identity of different cell types. The low and high levels of dCBP as well as H3K9ac truly represent a glial and neuronal signature, respectively. They both depend on gcm, which controls the fate choice, but not on genes downstream to Gcm, which are not sufficient to implement such choice (compare H3K9ac/dCBP levels in gcm embryos, with those in repo or tramtrack embryos) (Fig. 5H, Fig. 6D ; data not shown). Thus, full fate conversion is accompanied by a cell-specific chromatin modification.
Interestingly, whereas dCBP accumulates at different levels in glia versus neurons and its overexpression or loss affects the levels of H3K9ac, the levels of dGCN5, another HAT that is able to acetylate the H3K9 residue in vivo (Carre et al., 2005) , are similar in glia and neurons. Moreover, dGCN5 overexpression does not enhance H3K9ac levels nor does it affect the expression of glial genes (see Fig. S8D ,E in the supplementary material). These data strongly suggest that the dCBP HAT specifically participates in setting up the H3K9ac signature. It should be noted that dGCN5 is a member of multiprotein complexes (Muratoglu et al., 2003) , which may explain why its overexpression cannot produce high HAT activity on its own. The balance between HATs and histone deacetylases (HDACs), enzymes with counteracting activities, is thought to be important in the regulation of histone acetylation levels. Although the investigation of histone deacetylation is not in the focus of this paper, the relevance of HDACs in the control of the glia-neuron histone acetylation signature cannot be excluded.
The tight regulation of histone acetylation in the nervous system seems to be evolutionarily conserved. Human neuronal disorders are frequently connected to downregulation of histone acetylation and HDAC inhibitors are good candidates as therapeutic tools (Lubin et al., 2011) . Histone acetylation is instrumental for mammalian memory formation (Lesburgueres et al., 2011; Lubin et al., 2011) and CBP plays an important role in long-term memory processes (Barrett et al., 2011; Valor et al., 2011) . Altogether, these data indicate that normal neuronal function requires high levels of histone acetylation.
Our study shows that low HAT activity is necessary for glial differentiation. The increased levels of histone acetylation by overexpression of dCBP cause downregulation of the majority (but not all) of the tested glial genes, whereas the levels of general nuclear factors remain unchanged. The glial cells do not undergo apoptosis, indicating that high dCBP and histone acetylation levels influence specific pathways rather than generally affecting cell viability. The exact molecular mechanisms are not known, yet the behavior is similar in the mammalian CNS. Oligodendrocyte differentiation requires low levels of histone acetylation, resulting from high amounts of HDACs and low amounts of HATs (CBP and P300) (Shen et al., 2005) . The role of HDACs was further investigated (Shen et al., 2008; Ye et al., 2009) , showing that such enzymes directly repress genes that prevent oligodendrocyte differentiation. The role of HATs was not investigated in these publications, but most probably an appropriate balance between HATs and HDACs is the key factor, which produces low levels of histone acetylation and regulates mammalian as well as Drosophila glial differentiation.
The broadly accepted model is that histone acetylation weakens the interaction between positively charged histone tails and negatively charged DNA, thereby contributing to transcriptional activation. Our data contradict this simple model. First, the levels of H3K4me3, a histone mark that is connected to actively transcribed genes (Lessard and Crabtree, 2010) , are similar in glia and neurons. Second, the total mRNA levels are not different in the two cell populations. Third, and most importantly, dCBP overexpression in glia specifically causes downregulation of a set of glial genes. It seems that the H3K9ac levels reflect specific functional differences between neurons and glia, rather than simply revealing general gene activation. Maybe neurons require more plastic and dynamic regulation of transcription than other cell types and this process requires higher capacity of histone acetylation. Supporting this theory is the finding that a large number of activityregulated enhancers bind CBP in cortical neuronal cultures (Kim et al., 2010) . The technological breakthrough will be to analyze the transcriptome and the chromatin landscape of a few cells, which will help understanding the mode of action of dCBP and HDACs in the control of Drosophila glial and neuronal differentiation. Development 138 (19) DEVELOPMENT
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